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ABSTRACT

Since 1990 there has been an oogoing collaboration among the authors to investigate the role of individual elements on

the thermod>namics and kinetics of hydridmg/dehydriding reactions. This review article presets the electrochemical and

physicochem,cal characteristics of h)driding/dehydridmg reactions from the point of vi¢'_ of their dependence on electronic,

geometric and surface properties of the hydride materials. X-ray absorption spectroscopy (XAS), x-ray diffraction spectroscopy

(XRD) and scarmmg vibrating electrode technique (SVET) studies were tar'ned on AB_ type alloys, partially substituted by other
elements. Expansion of the unit cell volume and a larger Ni d band vacancy are beneficial for increasing the amount of the

hydrogen storage XAS and SVET showed that the C,e substitution for La in an AB s alloy enhances the lifetime of hydride
electrode.

Alloys for Hydride Electrodes in

Nickel/Metal Hydride Batteries

Effect of Method of Preparation of Alloys on Perfoema_e

of H2,dride ElectrodeJ. _ The ABs type alloys were

prepared by (i) arc-melting of the constituent element_,
99.99% purity, in a MRC model AF-92C arc furnace which

provides a low pressure, inert gas atrnospbere to minimiz_

contamination, followed by annealing in an argon

atmosphere at 800 ° C for three days. Elements of the

desired compofitio, ,; were melted two t.o four times and

held in the liquic tale for 20 - 30 ._econds to ensure

complete mixing a,._ formation of a homogeneous alloy;

(it) mechanical alloying (ball-milling) for four hours using •

SPEX g000 mixer/mill, which _vas carried out in a tungsten

carbon vial in an argon glovebox containing less than ! ppm

oxygen, followed by annealing in an open fused silica tube
at 800" C for 30 minutes.

The electrochemical ehar'acteri_tion studies

consisted of measurements of: (i) initial capacity; and (it)
rate capability. All electrodes were _epared with

teflonized carbon (Vulcan XC-72). An alloy, prepared by

mechanical alloying/annealing, has a slightly lower

electrochemical hydriding capacity, compared with an alloy

of with the same composition prepared by arc-

melting/annealing, as illustraled in Fig. i. The P-C-T

isotherm of the samples confirms the same behavior fo¢ gas

phase hydriding. The probable reason for this result is the

incomplete alloying of sarnples prepared by mect:anical

alloying. However, the rate c,ap,bility -of the hydride

electrode prepared using the sample prepared by mechanical

alloying/annealing was higher than that of the sample
prepared by conventional arc-melting, Fig. 2.
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Fig. !. C_ele life studies on AB s alloys prepared by ball

milling (BS_ and arc-melting (AM).
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Fig. 2. Comparison of rate capabilities of substituted

AB s allo)s prepared by ball mdliug (BM) and are-

melting (A _).

Correlations Between Go,¢ Phase and Electrochemical

Hydrldmg/Dehydr_ding C_racteri_tic3. -- The gas phase

hydrogen absorptiorJdesorption cbarac',eristics of metallic

hydrides are typicatly described by the pressure-

cornposition-leapcran.lr¢ (P--C-'T')isotherms (l); a

schematicrepresentationofthisisothermisshown knFig.3.
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Pi$. 3, Schematic represenlation of the P-C-T isotherms

for hydrogen - melal syslem.

Extent of hydrogen absorption depends on the equil_rium

pressure. At relatively low pressures, the absorb_
hydrogen atoms begin to occupy _ interstitial sites in the

metal lanice and the isotherm ascends steeply as hydrogtu

dissolves in the metal, forming a solid solution, designated

as the cxphase• Region A-B signifies the limited solution of
hydrogen in the metal alloy, The r_gion B-C represents the

. ,. .'

appearance of a second phase which is in equilibrium with
the saturated solid+solution (i.e., the a phase). The sec._nd

phase is usually refervcxt to as the 13 phase. This is the phas:

which contains the large lunouat of hydrogen absorbed m

the alloy. "thus, acc_diag to Gibbs' phase rule, the

pressure must be constant -- the plateau pressture, in the

two phase region (a and [_). Afterall the hydride material is

convened into the i_ pha_ (region C-D), further absorption

of hydrogen is very difficult. Thus, the equilibrium

pressure increases sharply with amount of absorbed

hydrogm.

The equilibrium potential of the hydride electrode
in 6M KOH solution at T=298 "K can be obtained from the

free energy change of the hydriding reaction and is given by

the following equation:

E., = -RT[n P = .--0.0291log,.P.) (I)
2F "*

where p,,: is the equilil_ium hych'ogen pressure, F is the

faraday const,_t and E,_ is lh¢ potential vs. the rever'zibl¢
hydrogen electrode O_,HE), Equation (I) correlates the

equilibrium pressure o(" the hydriding]dehydridLng reaction

in the gxs pha.s¢ with the electrochemical equilibrium

potential of the redox couple. Furthermore, since equation
(I) applies to the equilibrium plateau pressure region (B-C

section m Fig, 3), the potential of the metal hydride

el_tred¢ is approximately ccnsta.nt du.rmg the charge and

discharge processes; the ix_ntial changes only by about 29

mV for an order of magniru& change of the eq_Jilibcium
hydrogen pressure.

The equilibrium pressu_ of hydrogen is one of the

important factors which influences the behavior of the metal

hydride batteries. Capacity retention is defined as Ihe
perc.¢ntage of the capacity remaining after the storage

period with respect to the inil_d capacity. For • hydride

alloy with the lower plateau pressure, the capacity retention
is usually higher and vice versa. This is because lower the

equilibrium pressure, _ high_ is the stability of the

hydride state; the capacity mention of the hydride

electrodes with alloys having different plateau pressures, is

shown in Fig. 4.

On the other hand, the plateau pressure of the

hydride material cannot be very high (3), because the

charge efficiency of metal hydride battery will be lower,

leading to hydrog¢n evolution and a lower capacity of the

battery. Hydrogem abso_ion pmsure,-composition
isotherms for some intermetalli<: compounds ire presented

in Fig. 5. Sn and Co substitutJo_are effective for lowering

the hy&ogen plateau p,',_,su_,whereas the rever_ effect is
observed with Ce subsiitutlo_ Sn substitution lowers the

plateau pressure with 8 slight decrease of the ove_ll

hydrogen storage capacity. C.¢ a_d Co substi_tlon, in the

addition to affecting the plateau pressure, decreases

hydrogen storage capacity. BNL23 which contains only Ce



and Co substituents and no Sn has a r¢ladve higher plateau
pressure. The elec_'oc_emical pc_ormance characteristics

of these hydride electrodes (electrochemical ca _acity
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Fig. 4. Capacity retention of hydride electrodes

depcndeat on the p|aleau pressure.

and cycle-life behavior) are presented in Fig. 6. BNL23 has

the maximum amount of hydrogen absorption per formull

unit. However, since the plateau pressure is quite high (> 3

arm), the BNL 23 has a very low discharge capacity. For

the practicalmetal-hydridebattery, the plateau pressu.r_
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Fig. 5. Hydrogen absorption pressure.-(omposition
isotherms for substituted ABs intermetallics at 29814.

is usually below 1 arm, which could be attained by partial
substi_tion of elemenls in the AB_ alloys• By substituting

with Sn, ,he plateau is decreased and the electrochemical

capacity increased, ttowever, a careful optimization of the

amounts of the individual substiruenLs is necessary to retain

high hydriding capacities and oood cycle life.

Effect of Electronic Properties on

Electrochemical Hydridiog/Dchyd riding
Characteristics

X-Ray AbsorptJon Studies -- X-ray absorption

spectroscopy (XAS) has the ability In probe in-sau, both

electronic (from X-ray absorption near edge structure,

XANES) and gcometric pa."arneters (from the extended X-

ray absorption fine structure, EXAFS) of the alloys. Figure

7 shows normalized Ni K edge XANES specu1 for the three

dry uncycled elect'odes. The edge is shifted by about 1.5

eV below that found for a Ni foil. Substitutions by Ce and

Sn decrease the peak at 00 eV. Absorption at the K edge is
due to the e_,citahon of I.s electrons. Because of the

selection rules only tr_,nsitions into empty 4p states

3so T .... I .... "I ..... _-+ " - - 'I+_-_+ ..... ]

_j / 0 (BNL.2_) IJ-Ce--N _Co
0 (B_L._} l,J N,-Ca>S_
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Fig, 6. Cjcle--life behavior of hydride electrodes
containing substituted AB s intermet_llics, at C/2 charge

and discharge races. Temperature 298K.

arc allowed. Ln systems with cubic or octa.hedral syrnmelzy,

weak quadruple transitions are observed as small pre-edge

peaks in the XANES spectra (4). Due to the hexagonal

symmetry, of the alloys, there is mixing of p arad d states

and, as a result, transitions into the empty p par1 of these

mixed p-d states occur. Theoretical calculations of the

density of states (DOS) by Gupta (5) have shown that the

Fermi level of Lal',lis falls rapidly, decreasing the extent of

Hi dbands which are not fully filled. Thus the intensity of

the peak at 0.0 eV can be taken as an indirect measure of

the number of empty Nid states. The reduction in the

intensity of this peak on the addition of Sn and C.e is due to

either a partial filling of the Nid states, a reduction in

symmet_' 7 by lattice distortion, or both.

Although Sn substitution increases the unit cell

volume, which accounts for the lower plaleau pressure

(see ne,,t section), the decrease in hydrogen storage capacity

- /
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is due to the electvomc effects, which is sunilar to the loss in

hydrogen capacity in LaNi_.rAI _, propose.d by Gscheidner,
el. al (6), in which the partial filhng of the a_loy's 3-d band
is due to ¢leco'on donation by AI. This filling decreases the

number of holes that can be occupied by the eieclxons Ecom

the hydrogen.

Effect of Geometric Properties on
Electrochemical Hy driding/Dehyd riding

Characteristi¢_

X-Ray Diffraction Sludie_. _ Table I shows the results of
X-ray diffraction analysis for the alloys. All the alloys are

single phase and have the hexagonal CaCus 13'pe structure,

typical of 'he AB s type alloys. As indicated by the lanice
parametersin Table l, substitutionof B component_i) by
Sn in the AB_ metal hydride lattice (_.aNi_) results in an

increase in the latlice paramelers and hence the cell volume.
However, substituhon of the A component (La) with C¢

causes a minor shrinkage along the o axis. The st_,Jctural

change, due to partial substitution of Ni by Sn, is reflectod

in the Io_ering of the hydrogen plateau pressure which
could thus improve the charging ¢mciency and the capacity

retention of the hydride electsode. This structure change
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Fig. 7. Comparison of the Ni K edge XANES for LaNi s

(O), LaNi,_aSal z to), and Lae,C_.2Ni,0Sao. l (_) in dry

uncharged ¢lectrode_ relative to the pure Ni foil (_)
data.

Table [, Physico-chemical Properties of Modified AB 5 Type Alloys

Composition

LaNi 5

l..._Ni4,gSn0, 2

L.a0._Ceo.2 Ni4. $ Sn0.2

Lattice Parameters

•,A c,A

_.0o9 _.9_0

5.0557 4.019

' 5:o33 4o3s

Ceil Volume Plateau
pressu_ (_1

atz_.
i .gO

1.01

Hmax/FU

6.90

6.:26

3.5

3.2

Initial
Opacity

(mAWg)

(m) All reported values are at a temperature of 299"K

350

296

88.6 i .05 5.73 31.5

due to substitution is also reflected in the reduced molar

volume of hydrogen (Va). The electrochemical capacity of
the metal hydride eleclxodes are also given in Table I.

Effect of Surface Properties on

Electrochemical H_/driding/Dehyd riding
Characteristics

While certain ABs alloys are am'active for

replacements of cadmium electrodes in nickebcadmium

balteries, the parent alloy, LaNis, is ncx suitable because its

performance decays rapidly in the battery envirom'nent,

Corrosion has been, in general, attribut_ to the degradation

mechanism of a hydride CleCtTOde. lwaka,u"a eta/. (7)

demonstrated the formation of the corrosion product,

La(Obl)_, during a two-day storage period of a LaNi,Cu

anode by comparing the x-ray diffraction panerns recorded

before and after the storage. It is necessary to

experimentally delec_ the formation of corrosion products

after electrochemical charge/discharge cycles and also to
determine the effect of substitution on the corrosion

behavior of modified AB_ alloys (B=Nis ssCoo _M.,_ ,AI¢s)-

This section reports on (i) the formation corrosion products

after 100 ¢leclTochemical charge/discharge cycles, as

detectedby XAS; (i0 a detailedinvestigation of the local

corrosion processes by examining the surfaces of several

AB_ metal hydride elecUodes using the scanning vibrating

elecu'ode technique(SVE'I') (8).

X-Ray Absorption Sladiea (XANF_,S reaults)._ Fig. $ shows

the normalized Hi K edge X_NES spectra for LaB s before

and after electrochemical cycling (100 times) and for a dry
{3-Ni(Ol-_e_ec_rod¢.Appearance of a white lineforthe

cycled LaB s electrode clearly indicates corrosion of the Ni

surface and formation of the corrosion product, Ni(OH):.

Comparison of the area under this peak with that for the _3-

,./



(

L
F

/

°
O

°

t
Z

O"_¸ " --

I I I II I I

e

Ni(OH)2 was used to estimatethe degree,of corrosion. It

indicates that 18% of the Ni has corroded. Fig• 9 compares

the white lines for LaBs, I.ao,CeozB s and MmB s a_er 100

cycles with that for a dry _-NI(Ot-[)_ electrode As evident

from this figure, the addition of Ce, sigmficantly lowers the

Ni conosion to 8% after 100 c>cles• The lack of the white

line, m the case of MmBs alloy, indicates that there v.as

almost no corrosion of the MmBs prepared from the

commercially available Mm electrodes.
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Fig. 8. Ni K edge XANES for LaB s electrode before and

afler cycling. Ni(OH) 2 (....), Uncycled LaB s (C]), LaB s

Jfler I00 cycles (11).

Scanning Vibrating Electrode Techniques Studies --

SVE "r, under open circuit condition, measures the anodic

and cathodic current flow on a polished electrode surface in

contact with an elec_'ol_e. From the surface studies, it is

poss_le to elucidate the mechanism of chemical and

electrochemical oxidation of the alloy causing the

deterioration of hydridmg alloys and the effect of rare earth

substitution iJa the A component of an AB_ b'pe alloy on the

degradation rate of a hydride electrode and on its corrosion

rate. For this purpose, one-dimensional vibrating probe,

which consists of an insulated platinum wire with only its

lip exposed to the solution, is caused to vibrate
perpendicular to the flat electrode surface at a certain

frequency (200 Hz). The probe measures the potential

gradient in the solution at a certain height over and very

close to the elecla'ode surface. This potential gradient
results From the current flow due to localized anodic and

cathodic sites for electrochemical corrosion. The measured

electric field, which is conver_ed to the current density

using Ohm's law, normal to the surface, gises the current

density distribution map across the surface•
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Fig. 9. Ni K edge XA_ES for electrodes after 100 cycles.

LaB s (ll), Lato.iC%.aB s (e), MmB s (A) and Ni(OH)j (...).

The SVET scans on a prototype unsubst_tuted

sarvple, LaBs, (Fig. 10), serves as a reference. The

o_'served current densities are i_ge witch several localized

;_odic regions (,positive current) and cathodic regions

(negative current). The steady state current density

distribution was usually t'r.ache_ after 6 hour's immersmn.

For the samples with La pa.r_ally substituted by 20% of Ce,

i.e., La_IC._aBs, the normal anodic current density

decreased to less than 20 laAJcm', comparing with 80

}.tA/cm 2 for the LaB s alloy. In addition, the number of

$
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Fig. I0. Three-I) plot of the normal current densit 3'

distribution for LaB s flat electrode immersed in 0.0l M
KOH solution.
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conosion sttcssigmficantlvdecreased (Fig II) With

increasing amount of Ce. as for thc sample of

Lau_sCc_,B,. even snmJler anodac and cathodic currents

were recorded These facts arc cons,stent _th the xlew

that Ce inhibits electrode corrosion. All _hcse results

strongl) suggest th_tl dc-cr_ corrosion current for the

Cc containing allo,,s ts due to the formation of a

passlvatlng film, probably CcO: on the c|u_ctrode surface:
t/us finding ts consxstent vdth the previous XAS studies
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Fig. 11. Three-D plot of the normal current densit._
distribution for LaotCe, _Bs flat electrode immersed in
0.01 M KOH _olution.

Conclusion

The following conclusions can bc dcn_ed from this

review paper:

• Alloys prepared by arc-mclttng/anneahng, have

higher specific capacities than alloys prepared by

mechanical alloying/annealing The opposite

behavior was obse_,ed for rate capabilities

• Substitucnts leading to an expansion of the unit cell.

are beneficial in lowcnng the hydrogen

absorptton/desorption plateau pressures to values

below I aim. which is essential to achieve high

electrochemical capacit,es.

• The XANES results at the Ni K edge indicates that

the alloying process results in hybridization of the 4p

and 3d orbitals of Ni. The addition of Sn and Ce

decreases the number of Ni d band vacancies This

could account for both the decreased hydrogen

content and the reduced plateau pressures

• The XRD analysis results show that the effect of

substitution of Ni and Sn causes an increase in the

latuce parameters primarily along the c-axis This

manifests itself in a corresponding increase in the
unit cell volume Substitution of La by Ce. ho_exer.

causes a minor contraction in the cell volume

Correlauon of the electrochemical and XAS results

sho_, that capacity loss _s directly related to Ihe extent
of N_ corrosion

The reduced corrosloq current in the Ce containing

electrode, as measured using SVET tcchmque. ,s
consistent _itb XAS results, whtch showed that the

presence of Ce m a homogenous series of AB, alloys

has a beneficial effect on electrode Iffeame.
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